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Renal tubulointerstitial injury is characterized by inflammatory cell infiltrate; however, the stimuli for leukocyte recruitment
are not fully understood. IL-8 is a potent chemokine produced by proximal tubular epithelial cells (PTECs). Whether
nephrotic proteins stimulate tubular IL-8 expression remains unknown. Acute exposure of human PTECs to albumin
induced IL-8 gene and protein expression time- and dose-dependently. Apical aloumin predominantly stimulated
basolateral IL-8 secretion. Electrophoretic mobility shift assay demonstrated nuclear translocation of NF-kB, and the
p65/p50 subunits were activated. NF-kB activation and IL-8 secretion were attenuated by the NF-kB inhibitors pyrrolidine
dithiocarbamate and cell-permeable peptide. Albumin upregulated intracellular reactive oxygen species (ROS)
generation, while exogenous H,O, stimulated NF-kB translocation and IL-8 secretion. Albumin-induced ROS generation,
NF-kB activation, and IL-8 secretion were endocytosis- and PKC-dependent as these downstream events were abrogated
by the PI3K inhibitors LY294002 and wortmannin, and the PKC inhibitors GF109203X and staurosporin, respectively. In
vivo, IL-8 mRNA expression was localized by in situ hybridization to the proximal tubules in nephrotic kidney tissues. The
intensity of IL-8 immunostaining was higher in nephrotic than non-nephrotic subjects. In conclusion, albumin is a strong
stimulus for tubular IL-8 expression, which occurs via NF-kB—dependent pathways through PKC activation and ROS
generation.
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Renal tubulointerstitial injury is characterized by inflammatory cell infiltrate; however, the stimuli
for leukocyte recruitment are not fully understood. IL-8 is a potent chemokine produced by proxi-
mal tubular epithelial cells (PTECs). Whether nephrotic proteins stimulate tubular IL-8 expression
remains unknown. Acute exposure of human PTECs to albumin induced IL-8 gene and protein
expression time- and dose-dependently. Apical albumin predominantly stimulated basolateral IL-8
secretion. Electrophoretic mobility shift assay demonstrated nuclear translocation of NF-xB, and the
p65/p50 subunits were activated. NF-xB activation and IL-8 secretion were attenuated by the NF-xB
inhibitors pyrrolidine dithiocarbamate and cell-permeable peptide. Albumin upregulated intracel-
lular reactive oxygen species (ROS) generation, while exogenous H,O; stimulated NF-xB transloca-
tion and IL-8 secretion. Albumin-induced ROS generation, NF-xB activation, and IL-8 secretion were
endocytosis- and PKC-dependent as these downstream events were abrogated by the PI3K inhibitors
LY294002 and wortmannin, and the PKC inhibitors GF109203X and staurosporin, respectively. In
vivo, IL-8 mRNA expression was localized by in situ hybridization to the proximal tubules in nephrot-
ic kidney tissues. The intensity of IL-8 immunostaining was higher in nephrotic than non-nephrot-
ic subjects. In conclusion, albumin is a strong stimulus for tubular IL-8 expression, which occurs via
NF-kB-dependent pathways through PKC activation and ROS generation.

J. Clin. Invest. 111:515-527 (2003). doi:10.1172/JCI200316079.

Introduction

Tubulointerstitial damage followed by scarring and pro-
gressive loss of renal function is the final common patho-
logic pathway in many forms of chronic proteinuric renal
diseases. The severity of tubulointerstitial injury, which
correlates with the amount of proteinuria (1), is a major
determinant of the degree and rate of progression of renal
failure (2). The putative role of urinary proteins (taken
to reflect the degree of protein trafficking through the
glomerular capillary) in inducing tubulointerstitial
changes is supported by clinical observations (3) as
well as animal models of protein overload (4) and
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experimental nephrotic syndrome (5, 6). The mechanisms
through which urinary proteins induce tubulointerstitial
damage, however, remain largely unknown.

Emerging evidence over the last decade indicates that
interstitial lesions induced by proteinuria may be medi-
ated through tubular epithelial cell activation (7). One
constant feature of proteinuric nephritis is the con-
comitant presence of tubulointerstitial inflammation,
which is characterized by the infiltration of the inter-
stitial space by mononuclear leukocytes, notably T cells
and macrophages, which appear to play a key role in the
subsequent evolution of tubulointerstitial inflamma-
tion and fibrosis (8). The stimuli responsible for the ini-
tial recruitment of inflammatory cells into the intersti-
tium are not fully understood, but chemokines secreted
by tubular cells almost certainly play a pivotal role. For
instance, MCP-1 and RANTES are two C-C chemokines
that are upregulated by albumin in cultured proximal
tubular cells (9, 10). Their known chemotactic activities
for monocytes and T cells support the proinflammato-
ry role of the proximal tubular cell in directing tubu-
lointerstitial infiltrates in proteinuric renal disease.

IL-8 is a prototype chemokine of the C-X-C family
that has potent chemotactic activity at nanomolar and
picomolar concentrations for neutrophils and lym-
phocytes, respectively (11). Circumstantial evidence
suggesting a role for IL-8 in renal interstitial inflam-
mation comes from the following observations: (a)
tubular epithelial cells are capable of synthesizing
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IL-8 (12); (b) IL-8 production by tubular epithelial cell
is regulated by a variety of proinflammatory cytokines,
most notably IL-1, TNF-o, and IFN-y (12, 13); and (c)
urinary levels of IL-8 are increased in patients with var-
ious forms of glomerular diseases, such as IgA
nephropathy, membrano-proliferative glomerulone-
phritis, and lupus nephritis (14, 15). On the other
hand, whether the proteinuric state would also stimu-
late tubular production of IL-8 remains unknown.

In the present study, we present in vitro data to
show that albumin superinduces tubular production
of IL-8. The underlying intracellular signaling mech-
anisms are explored. We also attempt to localize the
in vivo site of IL-8 production by performing in situ
hybridization and immunohistochemistry studies on
human nephrotic renal tissue. The functional conse-
quences of abnormal protein trafficking through the
glomerulus and the transcriptional regulation of
tubular IL-8 synthesis are discussed.

Methods
Reagents. Medium, reagents for cell culture, Ab’s for
cell characterization, PI3K inhibitors (wortmannin
and LY294002), PKC inhibitors (staurosporin and
GF109203X), and general chemicals were purchased
from Sigma-Aldrich Ltd. Co. (Paisley, United Kingdom).
HSA was obtained from CSL Laboratory (CSL Limited,
Parkville, Victoria, Australia). Other brands of HSA were
obtained from Calbiochem-Novabiochem Corp. (San
Diego, California, USA) and Sigma-Aldrich. The endo-
toxin level in all albumin preparations were < 10 EU/ml,
as determined using the QCL-1000 limulus amebocyte
lysate kit (BioWhittaker Inc., Walkersville, Maryland,
USA). Antibiotics, sera, agarose, and DNA size markers
were obtained from Invitrogen Corporation (Carlsbad,
California, USA). Reagents for cDNA synthesis were
obtained from Life Technologies Inc. (Paisley, United
Kingdom) and Promega Corp. (Madison, Wisconsin,
USA), and those for PCR and cycle sequencing were from
Perkin Elmer Life Sciences Inc. (Boston, Massachusetts,
USA). The enzyme immunoassay kit for detection of IL-8
was purchased from Bender MedSystems (Vienna, Aus-
tria). Ab’s for detection of DNA-bound NF-kB by flow
cytometry and cell membrane-permeable inhibitory pep-
tide or mutant peptide for NF-kB were from Biomol
Research Laboratories (Plymouth Meeting, Pennsylvania,
USA) and Dakopatts (Glostrup, Denmark). The fluores-
cence probe for intracellular reactive oxygen species detec-
tion was from Molecular Probes Inc. (Eugene, Oregon,
USA). Reagents and Ab’s for in situ hybridization were
from Boehringer Mannheim GmbH (Mannheim, Ger-
many). Anti-Tamm-Horsfall glycoprotein was from
Chemicon International (Temecula, California, USA). All
other Ab’s were from DAKO A/S (Glostrup, Denmark).
Cell culture. Human colorectal epithelial cell line
(HT-29) and human lung type 2 epithelial cell line
(A549) were obtained from American Type Culture
Collection (Rockville, Maryland, USA). Human prox-
imal tubular epithelial cells (PTECs) were isolated

according to a method described previously (16). Briefly,
renal cortical tissue was obtained from kidneys removed
for circumscribed tumors. Histological examination of
these kidney samples revealed no renal pathology. Corti-
cal specimens were cut into small cubes and passed
through a series of mesh sieves of diminishing pore size.
PTECs were collected on the 53-um sieve and digested
with collagenase (750 U/ml) at 37°C for 15 min. Tubular
cells were isolated by centrifugation and grown ina 1:1
mixture of DMEM and Ham’s F12 medium supple-
mented with 10%FCS, hydrocortisone (40 ng/ml), L-glu-
tamine (2 mM), benzyl penicillin (100 IU/ml), and strep-
tomycin (100 pg/ml). The cells were incubated at 37°C in
5% CO, and 95% air. They were characterized to be of
proximal tubular origin by immunofluorescence and
enzyme histochemistry: cells stained positively for cytok-
eratin, vimentin, and alkaline phosphatase, but negative-
ly for Tamm-Horsfall glycoprotein, factor VIII-related
antigen, and a-smooth muscle actin. Scanning electron
microscopy demonstrated the presence of numerous api-
cal microvilli of a rudimentary brush border with
reassembly of tight junctions. Experiments were per-
formed with cells up to the third passage, because it has
been shown that there are no phenotypic changes up to
this passage number (17). In all experiments, there was a
“growth-arrest” period of 48 h in serum-free medium
prior to stimulation. Results were obtained from PTECs
cultured from the kidneys of three different donors.

RNA extraction and cDNA synthesis. Total RNA was
extracted from PTEC monolayers by a modification of
the method by Chomczynski and Sacchi (18). Briefly,
cells were lysed in a commercially available lysis buffer,
which contained a mixture of phenol and guanidinium
thiocyanate in a monophasic solution (RNA Isolator;
Genosys Biotechnologies, Cambridge, United King-
dom). This was followed by chloroform extraction and
isopropanol precipitation. RNA was quantified by
absorbance at 260 nm. Five micrograms total RNA
were reverse transcribed to cDNA with Superscript I
reverse transcriptase (Life Technologies Inc.) in a 20-ul
reaction mixture containing 160 ng oligo-(dT);2-1s, 500
UM of each ANTP, and 40 U RNase inhibitor for 10 min
at 37°C, 60 min at 42°C, and S min at 99°C. The
cDNA was stored at -20°C until further use.

Analysis of IL-8 gene expression. PTECs, A549, or
HT-29 were grown to confluence in six-well cell culture
plates (Falcon; Becton-Dickinson UK Ltd., Cowley, Unit-
ed Kingdom), growth arrested, and exposed to albumin
(1.25-20 mg/ml) for defined time periods (3-48 h) at
37°C. Total cellular RNA was then extracted and reverse
transcribed to cDNA. PCR was carried out as described
previously (19). The oligonucleotide sequences of cDNA
primers for IL-8, designed from GenBank, were as fol-
lows: forward, ATG ACT TCC AAG CTG GCC GTG CT and
reverse, TCT CAG CCC TCT TCA AAA ACT TCT, yielding an
amplified product of 298 bp. PCR reactions were carried
out in a DNA thermal cycler (MJ Research, Watertown,
Massachusetts, USA), with 33 cycles of amplification at
an annealing temperature of 55°C. For quantification,
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human o-actin primers were included in every reaction
as an internal control. The primers, based on the known
sequence of human o-actin cDNA (20), were as follows:
forward, GGA GCA ATG ATC TTG ATC TT, and reverse,
TCC TGA GGT ACG GGT CCT TCC, yielding an amplified
product of 204 bp. The PCR products were separated by
1.5% wt/vol agarose gels, stained with ethidium bromide
(Sigma-Aldrich Co. Ltd.), and the gel image was captured
and analyzed using the Gel Doc 1000 Densitometry Sys-
tem and Quantity One (Bio-Rad Laboratories Inc., Her-
cules, California, USA). The product yield was expressed
as a ratio to O-actin. The sequence of IL-8 amplicon was
verified by standard cycle sequencing technique (21).

Assay of IL-8 protein in culture supernatants and urine.
PTECs, A549, or HT-29 were grown to confluence in six-
well cell culture plates, growth arrested, and exposed to
albumin (1.25-20 mg/ml) for defined time periods
(3-48 h) at 37°C. For some experiments, PTECs were
cultured for 24 h with HSA from other suppliers
(Sigma-Aldrich Co. Ltd. or Calbiochem-Novabiochem),
or with 10 mg/ml human transferrin, human IgG,
trypsin-digested HSA (HSA digested with trypsin-con-
jugated agarose for 2 h), or boiled HSA (as albumin
started to precipitate at 75°C and beyond to assume a
gelatinous state, an aggregation by intermolecular asso-
ciation of the protein molecules that prevented its direct
application to the cell culture system, boiling of diluted
HSA was performed to achieve thermal denaturation;
ref22). Supernatants were collected and stored at -70°C
until further use, while cell number was counted after
trypsinization. Twenty-four-hour urine samples were
collected from proteinuric subjects, and representative
aliquots were stored at -70°C until assay. Detection of
the IL-8 level in culture supernatants and urine was car-
ried out on a commercially available assay kit, accord-
ing to the manufacturer’s instructions (Bender MedSys-
tems). The detection sensitivity and intra-assay
coefficient of variation is 11 pg/ml + 3.8% for IL-8.

Examination of polarity of IL-8 secretion by PTECs. To
examine the polarity of IL-8 secretion, second-passage
PTECs were seeded into 12-well Transwell chambers
(0.4-um pore size, 10-mm diameter; Corning Costar
Corp., Cambridge, Massachusetts, USA) and main-
tained at confluence for 2 days before use. Different
concentrations of albumin (2.5-10 mg/ml) were
added either to the upper or lower chamber, which
corresponded to the apical or basolateral side of the
cells. respectively, while medium alone (1.5 ml) was
added to the other compartment. After 24 hours of
incubation, supernatants in the upper and lower
chambers were harvested separately and assayed for
IL-8, while cell number was counted. All experiments
were performed in triplicate.

Endocytosis of FITC-HSA. PTECs were grown to con-
fluence in 24-well cell culture plates, growth arrested,
and exposed to fluorescein-labeled HSA (FITC-HSA,
1.25-20 mg/ml) for 30 min or 5 mg/ml FITC-HSA for
0-4 hours at 37°C. The cells were then harvested, fixed
with 1% paraformaldehyde, examined by fluorescence

microscopy, and counted with a fluorescence
microplate reader (Tecan Austria GmbH, Salzburg,
Austria). Experiments were performed in triplicate.
Measurement of DNA-bound NF-xB by flow cytometry.
DNA-bound NF-kB was determined by flow cytometry,
according to a method described previously (23). Briefly,
PTECs were cultured to confluence in six-well plates
and were growth arrested for 24 h in serum-free culture
medium. The cells were then incubated with or without
albumin for 30 min and were harvested by trypsiniza-
tion. Cells were washed with wash buffer (PBS with 2%
FBS) and lysed with lysis buffer (10 mM PIPES, 0.1 M
NacCl, 2 mM MgCl,, 0.1% Triton X-100, pH 6.8). The iso-
lated nuclei preparations were stained with rabbit poly-
clonal Ab (Rel A or NF-kB1; Biomol Research Labora-
tories) or nonimmune rabbit immunoglobulins at a
final concentration of 10 pug/ml for 30 min. After fur-
ther washing, 100 pl of FITC-conjugated swine anti-rab-
bit immunoglobulins (Dakopatts) diluted 1:20 in per-
meabilization buffer were added and incubated for a
further 30 min. The nuclei were washed and analyzed
for DNA-bound NF-xB by flow cytometer (Coulter
EPICS XL analyzer; Coulter Electronics Ltd., Miami,
Florida, USA). Results were analyzed using Flowjo soft-
ware (Tree Star Software, San Carlos, California, USA)
and were expressed as mean fluorescence intensity.
Effect of NF-kB inhibitors on albumin-induced IL-8 syn-
thesis. To study a possible relationship between albu-
min-induced IL-8 production and the transcription-
al factor NF-kB, PTECs were plated on six-well tissue
culture plates and, when confluent, treated with the
NF-kB inhibitor pyrrolidine dithiocarbamate(PDTC;
S or 25 uM; Sigma-Aldrich Co. Ltd.) (24) or 100 pg/ml
cell membrane-permeable peptides (25) (SN5OM or
SNS50; Biomol Research Laboratories) for 1 h before
and during 6-hour incubation with 10 mg/ml albu-
min. (The sequence of SN50 was AAVALLPAVLLAL-
LAPVQRKRQKLMP, which can inhibit the transloca-
tion of the active NF-kB complex into the nucleus,
and the sequence of the control peptide SN50M was
AAVALLPAVLLALLAPVQRNGQKLMP. The nuclear local-
ization sequence of NF-kB was underlined, and the
mutant residues in SNSOM were in italics.) At the end
of the incubation, IL-8 was measured in supernatants.
Electrophoretic mobility shift assay. A standard elec-
trophoretic mobility shift assay (EMSA) was used to fur-
ther examine the role of the transcriptional factor NF-xB
in albumin-induced IL-8 production. PTECs were plated
on aT25 tissue-culture flask and, upon confluence, treat-
ed with albumin (5 or 10 mg/ml) alone, or 25 pM PDTC
(Sigma-Aldrich Co. Ltd.), or 100 pg/ml cell membrane-
permeable peptides (SN50M or SN50) for 30 min before
and during 1-hour incubation with albumin (10 mg/ml).
At the end of the incubation, nuclear extract was pre-
pared using NE-PER nuclear extraction reagent (Pierce
Chemical Co., Rockford, Illinois, USA) and stored at
-70°C until the assay was performed. Gel-shift oligonu-
cleotide for NF-xB (AGTT-GAGGGGACTTTCCCAGGC; the
core sequence was underlined) was biotinylated using
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biotin 3’ end-labeling kit (Pierce Chemical Co.), and the
EMSA was carried out with the LightShift chemilumi-
nescent EMSA kit (Pierce Chemical Co.) according to the
manufacturer’s instruction.

Measurement of intracellular reactive oxygen species. The
intracellular formation of reactive oxygen species (ROS)
was detected by the fluorescence probe 5- (and 6-)
chloromethyl-2’, 7-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA; Molecular Probes Inc.). PTECs (10¢/ml)
were cultured in the presence of different doses of HSA
(1.25-20 mg/ml) for 30 min and then loaded with 0.1
Ug/ml CM-H,DCFDA. The cells were placed on ice. ROS
production, expressed as DCF mean fluorescence inten-
sity (MFI), was immediately measured by flow cytometry
using a Coulter EPICS XL analyzer (Coulter Electronics
Ltd.). Results were expressed as percentage of MFI of con-
trol cells incubated with culture medium alone.

Effect of exogenous H,0, on NF-KB translocation and IL-8
secretion in PTECs. Confluent PTECs grown on six-well
tissue-culture plates were treated with H,O, (200 uM)
for 1 h for determination of NF-kB activation by EMSA
or with H,0; (50, 100, 200, or 400 uM) for 24 h for
assay of IL-8 protein in culture supernatants by ELISA.

Effect of PI3K inbibitors or PKC inbibitors on albumin-induced
ROS generation, NF-KB translocation, and IL-8 secretion.

Figure 2

Effect of albumin from different suppliers, heat or protease pre-
treatment, and nonalbumin serum proteins. Confluent, growth-
arrested PTECs were cultured for 24 h with 10 mg/ml of HSA from
different suppliers (shown in parentheses), human transferrin,
human IgG, boiled HSA (HSA boiled for 10 min), or trypsin-digest-
ed HSA (HSA digested with trypsin-conjugated agarose for 2 h).
IL-8 protein secretion was measured in cell culture supernatants by
ELISA. Results are means + SD of triplicate experiments. *P < 0.0001,
P = 0.001 versus cells incubated in serum-free medium alone;
#P < 0.0001 versus cells treated with HSA 1, HSA 2, or HSA 3.

Figure 1

Effect of acute exposure to albumin on IL-8 expression by PTECs. (a)
Time response. Confluent, growth-arrested cells were cultured in
serum-free medium or medium containing 5 mg/ml HSA for 3-24 h.
IL-8 gene expression (line) was quantified by RT-PCR, while protein
secretion in culture supernatants (bars) was assayed by ELISA. Results
are means * SD obtained from duplicate experiments of three differ-
ent kidney preparations. *P < 0.0001, fP = 0.008, #P = 0.027,
**P=0.002, ¥P = 0.004, 5P = 0.01 compared with growth-arrested
cells incubated in serum-free medium alone for equivalent duration.
(b) Dose response. Confluent, growth-arrested cells were cultured in
serum-free medium or medium containing escalating doses of HSA
for 3 h. IL-8 gene expression (line) and protein secretion (bars) were
measured as stated above. Results are means + SD obtained from
duplicate experiments of three different kidney preparations.
*P=0.011,1P=0.004,*P=0.001,5P < 0.0001, #P=0.002 compared
with growth-arrested cells incubated in serum-free medium alone.

Confluent PTECs grown on six-well tissue-culture plates
were treated with the PI3K inhibitors, wortmannin (500
nM) or LY294002 (100 uM), or the PKC inhibitors, stau-
rosporin (100 nM) or GF109203X (5 uM), 1 h before and
during incubation with albumin (10 mg/ml). At the end
of the incubation period (30 min for ROS assay, 1 h for
NF-kB EMSA, and 24 h for supernatant IL-8 protein
assay), intracellular ROS generation, NF-xB transloca-
tion, and IL-8 secretion were determined by flow cytom-
etry, EMSA, and ELISA, respectively, as described above.
Immunobistochemical localization of IL-8 production on
buman nephrotic kidneys and cultured PTECs. To localize
the site of IL-8 production in vivo, immunohisto-
chemical staining was performed on renal biopsy tis-
sues obtained from nephrotic subjects with nonprolif-
erative glomerulopathies (minimal change nephrotic
syndrome, diabetic and hypertensive nephrosclerosis),
and from patients with no or minimal proteinuria and
histology of no or minor abnormality as control.
Paraffin-embedded human kidney tissues were sec-
tioned at a thickness of 4 um, and the sections were
deparaffinized with xylene and then rehydrated
through a descending gradient of ethanol. IL-8 expres-
sion on paraffin sections was determined by immuno-
histochemical staining using monoclonal anti-human
IL-8 Ab (Santa Cruz Biotechnology Inc., Santa Cruz,
California, USA). Briefly, the slides were incubated

* * *

1T

N
o
o
o
1

1500 |

1000 1 +

500 1

IL-8 protein concentration
in culture supernatant (pg/ml)

7

Medium
alone

HSA 1

(CSL Lab)
HSA2
(Calbiochem)
HSA3
(Sigma)
Transferrin

Boiled HSA 1 F%
Trypsin-digested .
HSA 1

518 The Journal of Clinical Investigation |

February 2003 |

Volume 111 | Number 4



a Apical compartment
Albumin added: 0 25 5 10
(mg/ml)
T=,,‘ 500 . 24
£ 8 0
QW
52
S x 500 *
) [
—I i 1000
2
~1500 £s
B:Aratio: 0.72+04 1.41+06 1.86+0.3 3.64+0.7
Basolateral compartment
b Apical compartment
m 500 +
©
52 O
o=l
87, 500
X
20 * £§
=qi 1000
2
~1500
B:Aratio: 1.04+0.6 1.72+0.2 20+0.7 1.87+0.2
Albumin added: 0 25 5 10

(mg/ml)
Basolateral compartment

with 0.5% H,O; for removal of endogenous peroxidase
activity. Nonspecific binding was blocked by incuba-
tion of the slides for 30 min with blocking buffer (5%
normal goat serum and 3% BSA in PBS). The sections
were then incubated with anti-IL-8 (10 pug/ml) Ab’s
overnight. The bound murine anti-IL-8 Ab’s were visu-
alized using the DAKO Envision Plus System (DAKO
Corp., Carpinteria, California, USA). For some sec-
tions, infiltrating leukocytes were demonstrated by
staining with monoclonal anti-CD44 (DAKO Corp.).
To confirm the specificity of anti-IL-8 used in the pres-
ent study, cultured PTECs grown in chamber slides
with or without albumin (10 mg/ml) were stained with

Figure 3

Polarized production of IL-8 by PTECs. Cells were grown to confluence
on Transwell chambers and growth arrested. Serum-free medium alone
(control) or supplemented with different concentrations of HSA was
added to the apical (a) or basolateral (b) chamber, while medium
alone was added to the other compartment. After overnight incuba-
tion, apical medium (white bars) and basolateral medium (black bars)
were harvested for assay of IL-8 protein by ELISA. Numbers below each
pair of bars represent the ratio of basolateral/apical IL-8 secretion.
Results are means + SD obtained from triplicate experiments of one
kidney preparation. (a) *P=0.002, tP=0.006, P = 0.018 versus con-
trol basolateral compartment; **P=0.038, #P = 0.009 versus control
apical compartment; #*P=0.037, 5P = 0.005 versus corresponding api-
cal compartments. (b) *P=0.024, #P = 0.02 versus control basolater-
al compartment; TP = 0.003 versus control apical compartment;
5P =0.02 versus corresponding apical compartment.

anti-IL-8 as described above. Ab preabsorbed with
IL-8-immunizing peptides was used as control.

A renal histopathologist without prior knowledge of
clinical or laboratory data examined the tissues histolog-
ically and evaluated the expression of IL-8 staining using
an arbitrary 0-3+ scale (absent or minimal, mild, moder-
ate, and marked). For glomerular staining, the scoring cri-
teria were as follows: minimal if <5% glomerular cells were
positive; mild if 5% to <25% cells were positive; moderate
if 25% to <50% cells were positive; and marked if 50% or
more cells were positive. For tubular staining, the grad-
ing criteria were as follows: minimal if <10% cortical tubu-
lar cells were positive; mild if 10% to <40% cells were pos-
itive; moderate if 40% to <80% cells were positive; and
marked if 80% or more cells were positive.

Oligonucleotides and labeling. A 42-mer sequence of
mRNA was selected for human IL-8. Antisense oligonu-
cleotides for human IL-8 corresponded to bases
2435-2476 of human IL-8 (26). The selected sequence
was significantly different from other known sequences
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Figure 4

FACS analysis of nuclear expression of NF-kB/Rel proteins on PTECs. (a

) Confluent PTECs were incubated in serum-free medium or medium

containing escalating doses of albumin as shown. After 30 min, cells were lysed, and the cell nuclei were isolated and stained with rabbit poly-
clonal Ab against p65 (Rel A, filled circles), or p50 (NF-xB1, open circles), or nonimmune rabbit immunoglobulins for analysis of DNA-bound

NF-xB/Rel proteins by flow cytometry. Results, expressed as MFI + S

D, are obtained from triplicate experiments. *P < 0.05, TP = 0.006,

#P=0.005, **P=0.002,#P=0.001,5P =0.01 versus cells exposed to serum-free medium alone. (b) Representative flow-cytometry histograms
of unstimulated and albumin-stimulated cells labeled with anti-p65 or anti-p50 subunits and FITC-conjugated secondary Ab’s.
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Role of NF-xB by EMSA. EMSA was performed with nuclear extracts
of PTECs treated for 1 h with medium alone (control), HSA (5 or 10
mg/ml), PDTC (25 uM, added 30 min before the addition of HSA),
SN50 or its mutant peptide SN50M (100 pg/ml, added 30 min
before the addition of HSA). The results shown are representative of
three independent experiments.
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deposited in the latest release of the gene bank data
(GenBank, Release 128, March 2002; http://www.ncbi.
nlm.nih.gov/Genbank/). The oligonucleotide was syn-
thesized on an automatic DNA synthesizer (391, PCR-
MATE EP; Applied Biosystems Inc., Foster City, Cali-
fornia, USA) and was labeled using a digoxigenin (DIG)
oligonucleotide tailing kit according to the current
protocol (1417 231; Boehringer Mannheim GmbH,
Mannheim, Germany).

Tissue localization of IL-8 gene expression by in situ hybridiza-
tion. Nonradioactive in situ hybridization was performed
according to a modified method developed in our labo-
ratory (27). In brief, the specimens were cut to a thick-
ness of 4 um and placed on glass slides coated with
3-aminopropyltriethoxysilane (A3684; Sigma-Aldrich,
St. Louis, Missouri, USA). The sections were fixed with
4% paraformaldehyde in PBS and then deproteinized
using HCI and proteinase K (P-4914; Sigma-Aldrich).
After prehybridization, the sections were hybridized with
DIG-labeled oligonucleotide probe in prehybridization
buffer (4x SSC, 0.5 M sodium phosphate, 2.5x Denhalts
solution, salmon testis DNA [D7656; Sigma-Aldrich],
and transfer RNA [R5636; Sigma Aldrich]) at 40°C for
16 h. After washing with 0.075% BRIJ (430 AG-6; Sigma-
Aldrich) in 2x SSC twice for 20 min each and 0.5x SSC
twice for 20 min each, at room temperature, sections
were stained immunohistochemically to visualize the
hybridized DIG-labeled probe using mouse monoclon-
al anti-DIG Ab (1333 062; Boehringer Mannheim
GmbH), HRP-conjugated rabbit anti-mouse Ab (DAKO
P260; Dakopatts), and HRP-conjugated swine anti-rab-
bit Ab (DAKO P399; Dakopatts), successively. Color was
developed by reaction with H,O, and diaminobenzidine
tetrahydrochloride. Finally, sections were counterstained
with methyl green and mounted. Cells clearly stained in
the cytoplasm or stained with a perinuclear pattern were
identified as IL-8 mRNA-positive cells. On the other

hand, cells with nuclei stained with methyl green alone
were considered negative for IL-8 mRNA. To evaluate the
specificity of the signals for IL-8 mRNA, we performed
three control experiments including pretreatment of
RNase, a study with a sense probe, and a competitive
study, as described previously (28, 29).

Statistical analysis. All data were expressed as means + SD,
unless otherwise specified. Statistical analysis was per-
formed using SPSS statistical software (Statistical Pack-
age for the Social Sciences Inc., Chicago, Illinois, USA).
Intergroup differences for continuous variables were
assessed by one-way ANOVA. Post hoc multiple compar-
isons using Tukey’s Honestly Significant Difference test
were used to determine the significance of differences
between groups. Comparison of the score for the stain-
ing intensity by immunohistochemistry between groups
was done using the Mann-Whitney U test. Linear regres-
sion analysis was performed to determine the correlation
between the staining score and age, serum creatinine, or
proteinuria in the nephrotic group of subjects. Categori-
cal data were compared by the Fisher exact test or the X?
test, as appropriate. A P value of less than 0.05 was con-
sidered statistically significant.

Results

Expression of IL-8 gene in PTECs. At the quiescent state,
IL-8 gene expression in PTECs was barely detectable by
RT-PCR. Acute exposure to HSA (CSL Laboratory)
induced IL-8 gene expression in PTECs significantly.
Maximal expression occurred at 3 h and then fell
progressively to undetectable levels at 12 h and there-
after. IL-8 protein secretion also followed a time-
dependent manner and did not reach a maximum
before 6 h, due to the time required for the mRNA to
be translated (Figure 1a). This was confirmed by addi-
tional assay experiments in which culture supernatants
of PTEC exposed to albumin were removed at each
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Figure 6

Effect of NF-kB inhibition on albumin-induced IL-8 synthesis. Con-
fluent PTECs were treated for 6 h with medium alone, HSA (10
mg/ml), PDTC (5 or 25 UM, added 1 h before the addition of HSA),
SNS50, or its mutant peptide SNSOM (100 pg/ml, added 1 h before
the addition of HSA). At the end of incubation, IL-8 was measured
in supernatants by ELISA, while cell number was counted. Results are
means + SD of triplicate experiments of three kidney preparations.
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Role of ROS. (a) ROS induction by albumin. PTECs were exposed to
HSA (1.25-20 mg/ml) for 30 min. Intracellular ROS formation was
detected by the fluorescence probe, CM-H,;DCFDA, measured by flow
cytometry, and expressed as percentage of MFI of control cells incu-
bated with culture medium alone. Results are means + SD of triplicate
experiments. *P=0.013,tP=0.001, P < 0.0001 versus medium con-
trol. (b) Effect of exogenous H,O,. PTECs were exposed to H,0, (50,
100, 200, or 400 uM) for 24 h. IL-8 protein secretion in culture super-
natants was assayed by ELISA. Results are means + SD of triplicate
experiments. *P < 0.0001 versus medium control.

time point and replaced with fresh medium, and the
IL-8 content in the replenished medium was then
determined (data not shown).

IL-8 gene expression and protein secretion in PTECs
was upregulated by albumin in a dose-dependent pat-
tern, with significant induction after a 3-hour incuba-
tion with as little as 1.25 mg/ml albumin and beyond
(Figure 1b). There was no significant change in the
number of viable cells after exposure to albumin.

The effect of HSA on IL-8 secretion by PTECs was inde-
pendent of the supplier of the albumin used, but was
abolished by boiling (Figure 2). Trypsin digestion of albu-
min effectively degraded the protein into small peptides,
as demonstrated by SDS-PAGE (data not shown). Such
treatment significantly abrogated IL-8 induction in
PTECs, as compared with neat albumin (Figure 2).
Because transferrin and IgG are the main constituents of
nephrotic urine apart from albumin, their effects were
also tested. Transferrin, but not IgG, was capable of
inducing IL-8 synthesis in PTECs, although to a lesser
degree compared with albumin (Figure 2). In addition to
PTECs, albumin also upregulated IL-8 mRNA expression
and protein production in HT-29 (colorectal epithelial
cell line) and A549 (lung type 2 epithelial cell line) cell
lines in a dose-dependent fashion (data not shown).

Directional secretion of IL-8 protein in PTECs. Direc-
tional secretion of IL-8 is shown in Figure 3. Quies-
cent PTECs grown on permeable cell culture inserts

secreted minute amounts of IL-8 equally into both
apical and basolateral media. Apical exposure of
PTECs to albumin led to dose-dependent increases in
IL-8 secretion in both directions, with basolateral
secretion predominating. Overnight incubation with
10 mg/ml albumin apically increased basolateral
secretion of IL-8 by 10.8-fold (P = 0.018), while apical
secretion surged by 2.1-fold (P = 0.009). The rise in
basolateral secretion was significantly more robust
than the apical increase (P = 0.005 at 10 mg/ml albu-
min), altering the basolateral/apical ratio of IL-8
secretion from 0.72 + 0.4 to 3.64 + 0.7.

Basolaterally applied albumin also upregulated IL-8
secretion in PTECs, but to a much lesser extent (par-
ticularly with respect to basolateral IL-8 secretion),
than apically applied albumin (Figure 3b).

Activation of NF-kB by human serum albumin. To inves-
tigate whether the induction of IL-8 in PTECs by albu-
min was mediated by the transcription factor NF-xB,
cells incubated with or without albumin for 30 min
were lysed for isolation of cell nuclei, which were
stained with anti-p65 (Rel A) or anti-p50 (NF-xB1) sub-
units and then subjected to FACS analysis. In dose-
response studies, as little as 2.5 mg/ml HSA activated
NF-kB expression, with maximal activation occurring
at 10 mg/ml (Figure 4). Both the p50 and p65 subunits,
which are important in inflammatory responses, were
activated to a similar degree. The translocation of
NF-xB into the cell nucleus of PTECs after exposure to
HSA was also demonstrated by EMSA (Figure 5).

Inbibition of NF-xB. To confirm that NF-xB activa-
tion mediates IL-8 synthesis in PTECs, cells were
treated with the NF-kB inhibitor, PDTC, or with the
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Figure 8

Effect of exogenous H,O3, or albumin with PI3K or PKC inhibitors on
NF-xB activation in PTECs. EMSA was performed with nuclear extracts
of PTECs treated for 1 h with medium alone (control), H,O, (200 uM),
HSA (10 mg/ml), LY294002 (100 uM, added 1 h before the addition
of HSA), wortmannin (500 nM, added 1 h before the addition of HSA),
GF109203X (5 UM, added 1 h before the addition of HSA), or stau-
rosporin (100 nM, added 1 h before the addition of HSA). The results
shown are representative of three independent experiments.
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Endocytosis of albumin by PTECs. (a) Time response. Left panel: growth-arrested PTECs were exposed to fluorescein-labeled HSA (5 mg/ml)
for 0-60 min at 37°C. Cells were then fixed with 1% paraformaldehyde and examined by fluorescence microscopy. x1,000. Right panel: the
fluorescence signals of cells incubated with FITC-HSA (5 mg/ml) for up to 4 h were counted using a fluorescence microplate reader. Results
are means + SD of triplicate experiments. (b) Dose response. The fluorescence intensity of growth-arrested PTECs exposed to FITC-HSA
(1.25-20 mg/ml) for 30 min was shown. Results are means + SD of triplicate experiments. *P =0.001, 1P <0.0001, ¥P = 0.008, 5P = 0.036,
#P=10.012 versus control cells exposed to FITC-HSA at time zero (a) or to buffer alone (b).

cell membrane-permeable peptide, SN50, which in-
hibits the translocation of the active NF-kB complex
into the nucleus, for 1 h before and during incubation
with HSA. As depicted in Figure 6, treatment with
PDTC attenuated IL-8 secretion after exposure to
albumin in a dose-dependent fashion. Treatment with
SNS50, but not its control peptide with mutant
residues (SN50M), also abrogated IL-8 secretion.

In EMSA studies, both PDTC and SN50, but not the
mutant peptide SN50M, blocked the nuclear translo-
cation of NF-kB. Cells exposed to medium alone were
used as control (Figure 5). In addition, cells treated
with PDTC or peptides (SN50 or SN50M) alone or
unlabeled kB oligonucleotide also demonstrated no
shifting of the NF-kB complex by EMSA (elec-
trophoretic gel not shown).

Role of ROS. The ability of PDTC, an antioxidant, to

CM-H,DCFDA. The magnitude of intracellular ROS for-
mation was measured by flow cytometry and expressed as
MFI. Upon exposure to HSA at 5 mg/ml and beyond for
30 min, there was dose-dependent upregulation of intra-
cellular ROS generation in PTECs (Figure 7a).

To demonstrate a direct role of ROS on the activation
of NF-kB, we exposed PTECs to exogenous H,O, (200
UM) for 1 h, and detected NF-xB activation by EMSA
in cell nuclear extracts (Figure 8). Furthermore, there
was dose-dependent upregulation of IL-8 protein secre-
tion by PTEC upon direct exposure to H,O, (50, 100,
200, or 400 uM) for 24 h (Figure 7b).

Endocytosis of albumin. Endocytosis of albumin by
human PTECs was determined by incubating PTECs
with FITC-HSA (1.25-20 mg/ml) for 0-4 h. The

block albumin-induced NF-xB activation and IL-8 syn- 2 500 T

thesis, suggested a role of ROS in the intracellular signal- = 400 I

ing of albumin. This was investigated by detecting intra- %

cellular ROS formation with the fluorescence probe, % 300

o
S 200 + i t t

Figure 10 T 1 T T I
Effect of PI3K and PKC inhibition on albumin-induced intracellular 20 100 I
ROS generation and IL-8 secretion in PTECs. (a) ROS generation. o
PTECs were exposed for 30 min to medium alone (cont‘rgl), HSA (10 0 @ ¥ & & o &
mg/ml), LY294002 (100 uM, added 1 h before the addition of HSA), ® &Y gbg @'é\ gq,g &
wortmannin (500 nM, added 1 h before the addition of HSA), & \_}q, $°(\ Q\Q \%«0
GF109203X (5 UM, added 1 h before the addition of HSA), or stau- N . © . @
rosporin (100 nM, added 1 h before the addition of HSA). Intracel- Experimental condition
lular ROS formation was detected b)./ flow cytometry and expres.sed 2500 *
as percentage of MFI of control cells incubated with culture medium c I
alone. Results are means + SD of triplicate experiments. *P < 0.0001 % 2000
versus medium control, TP = 0.001 versus cells treated with HSA E/_E\15OO
alone. (b) IL-8 protein secretion. PTECs were treated for 24 h with 35
medium alone (control), HSA (10 mg/ml), LY294002 (100 UM, 551000
added 1 h before the addition of HSA), wortmannin (500 nM, added ® 500 I T f t
1 h before the addition of HSA), GF109203X (5 UM, added 1 h before = — ’—T—‘ |—T—‘ |_T_‘
the addition of HSA), or staurosporin (100 nM, added 1 h before the 0
addition of HSA). At the end of incubation, IL-8 level was measured Q}o(\e \2\%?“ QQQ/ é‘{\\(\ Q/Q'S*i Q&Q
in supernatants using ELISA, while cell number was counted. Results &\)é‘ \-/\‘19 0(5‘\ Q,\@ 'o\’@%
are means + SD of triplicate experiments. *P < 0.0001 versus medium W N © &
control, 1P < 0.0001 versus cells treated with HSA alone. Experimental condition
522 The Journal of Clinical Investigation | February2003 | Volume11l | Number4



Table 1

during incubation with HSA. The PI3K

Clinical data and renal IL-8-staining score by immunohistochemistry in nephrotic  inhibitors completely abolished albumin-

and non-nephrotic subjects

induced oxidant generation (Figure 10a),

Histologic diagnosis Patient  Serum Urinary
sex/age creatinine  protein
(umol/l)  excretion/

staining

NF-kB-DNA binding (Figure 8), and IL-8
production (Figure 10b).
Role of PKC. To further characterize the

IL-8

24 h (g) Glomerulus Tubule downstream intracellular events follow-

Nephrotic group (n = 18)

Minimal change NS F/36 81 22.0
Minimal change NS M/47 89 15.0
Minimal change NS M/16 80 6.0
Minimal change NS M/43 100 8.0
Minimal change NS M/62 98 5.0
Minimal change NS M/27 110 3.2
Minimal change NS F/33 69 4.0
Minimal change NS M/49 70 3.4
Minimal change NS F/19 80 8.1
Minimal change NS M/53 109 10.9
Hypertensive nephrosclerosis M/45 4430 3.0
Hypertensive nephrosclerosis M/66 2500 2.0
Hypertensive nephrosclerosis M/81 1950 9.5
Hypertensive nephrosclerosis M/38 1320 2.6
Diabetic glomerulosclerosis F/58 3600 11.0
Diabetic glomerulosclerosis M/58 1290 6.0
Diabetic glomerulosclerosis F/63 1860 4.4
Diabetic glomerulosclerosis M/73 3500 7.3
Non-nephrotic group (n=7)

Minor glomerular abnormality M/49 990 <0.3
Minor glomerular abnormality F/69 810 0.39
No abnormality M/29 1040 0.07
Minor glomerular abnormality M/22 830 0.9
No abnormality (renal allograft)®  F/36 1400 0
No abnormality (renal allograft)*  M/32 1800 0
No abnormality (renal allograft)  M/42 4400 0.8

10
0
10
0
10
0
0
0
10
10
2
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ing endocytosis of albumin, we focused
on PKC, because NF-kB activation in pro-
tein-overloaded human PTECs is recently
reported to be PKC dependent (33). The
role of PKC activation was determined by
preincubating and culturing PTECs with
the PKC inhibitors GF109203X and stau-
rosporin during albumin challenge. Oxi-
dant generation (Figure 10a), NF-xB-
DNA binding (Figure 8), and the
subsequent IL-8 production (Figure 10b)
in PTECs were significantly suppressed by
both PKC inhibitors.

Tissue localization of IL-8 expression in the
nephrotic kidney. To localize the in vivo site
of IL-8 synthesis in the nephrotic kidney,
further studies were performed on renal
biopsy tissues obtained from 18 subjects
with heavy proteinuria due to nonprolif-
erative glomerulopathies and from 7 sub-
jects without significant proteinuria as
control. The clinical data and histologic
diagnoses in these 25 subjects are sum-
marized in Table 1.

Immunobistochemistry. Paraffin sections of
these human renal biopsy specimens were

N = WNOWNN=NOO - NMNNNWW

SO O N O O N -

AProtocol day 10 post-transplant allograft biopsy. NS, nephrotic syndrome.

intensity of FITC-HSA bound to PTECs was quanti-
fied by fluorescence spectrophotometry. As illustrat-
ed in Figure 9, there was time- and dose-dependent
endocytosis of HSA by PTECs. The fluorescence sig-
nal peaked at 20 min of exposure and then fell pro-
gressively thereafter, reflecting the previous observa-
tion that endocytosed albumin is internalized and
degraded by lysosomal hydrolysis (30).

Role of PI3K. It has been reported that PI3K regulates
an early step in the receptor-mediated endocytosis (30,
31) of albumin by kidney PTECs (32). To investigate
whether endocytosis of albumin is crucial in the cas-
cade of intracellular events leading to IL-8 induction in
albumin-overloaded PTECs, the PI3K inhibitors,
LY294002 and wortmannin, were added 1 h before and

Figure 11

Specificity of anti-IL-8 Ab. Confluent, growth-arrested PTECs in medi-
um alone (a) or exposed to 10 mg/ml albumin for 3 h (b) were incu-
bated with monoclonal anti-human IL-8 Ab (10 pg/ml) overnight. The
bound murine anti-1L-8 Ab’s were visualized with the DAKO Envision
Plus System. (c) The Ab was preabsorbed with IL-8-immunizing pep-
tides before incubation with PTECs exposed to albumin (10 mg/ml
for 3 h), which attenuated the IL-8-staining signal. X 400.

immunohistochemically stained using a

specific mADb. The specificity of the Ab was

confirmed by its application on cultured
PTECs exposed to albumin or medium alone and by pre-
absorption of the Ab with IL-8-immunizing peptides
before staining of albumin-treated cells (Figure 11). The
intensity and distribution of IL-8 staining in human kid-
ney tissues were reported by a renal histopathologist
without previous knowledge of clinical data on an arbi-
trary scale of 0-3 (absent, mild, moderate, marked). The

The Journal of Clinical Investigation | February2003 | Volume11l | Number4

523



b T -
A ..
a PR g &
Qe [ 252
et ] 4
s F
St -
LT ?‘}h
& ) r .‘jiﬁ%
\ -
L= g =&
e e P
2 ad LY - .
£ ‘ﬁ‘»ﬁ"
o ® ;)-‘ \L&"

Figure 12

Immunohistochemical staining for IL-8 and infiltrating leukocytes. (a
and b). Representative experiment from a non-nephrotic control sub-
ject, showing background staining only. (c and d) Representative
staining from a nephrotic subject, demonstrating the predominance
of tubular over glomerular staining for IL-8 protein. (e and f) IL-8
staining in tubules of a representative nephrotic subject followed a
focal pattern of distribution. Staining of the section with anti-CD44
mAb (g and h) demonstrated infiltration by CD44-positive leuko-
cytes of the interstitial space in the proximity of the IL-8-expressing
tubules. (a, c, e, g) x100; (b, d, f, h) X200 of marked area in the cor-
responding left-hand panels, all counterstained with hematoxylin.

individual scores for glomerular and tubular staining for
IL-8 were shown in Table 1. In the nonnephrotic group,
there was minimal glomerular and tubular staining for
IL-8 (Figure 12, aand b). In nephrotic subjects, there was
positive tubular staining for IL-8 (P = 0.039 versus non-
nephrotic controls, Figure 13a) regardless of the under-
lying histopathologic diagnosis, while glomerular stain-
ing was relatively spared (Figure 12, ¢ and d). The
distribution of IL-8 staining in the tubules of nephrotic
kidneys followed a focal pattern and was associated with
scattered influx of leukocytes in the interstitium (Figure

12, e-h). Immunostaining for tubular IL-8 expression in
the nephrotic group of subjects was weakly correlated
with the magnitude of proteinuria (2 = 0.332,b=0.116,
[95% confidence interval, 0.029-0.203], P=0.012, Figure
13b). No correlation was found between the staining
score and age, gender, serum creatinine, or histopatho-
logic diagnosis. Urinary IL-8 levels, assayed in seven sub-
jects by ELISA, ranged from 14.1 to 62.5 pg/ml and did
not correlate with the staining score, age, serum creati-
nine, or proteinuria (data not shown).

In situ bybridization. In situ hybridization for detection
of local IL-8 mRNA expression was performed on kidney
sections obtained from three nephrotic patients with his-
tologic diagnosis of minimal-change nephrotic syndrome
(urinary protein excretion was 21.7, 6.6, and 7.4 g/24 h,
respectively) and three patients with membranous
nephropathy (urinary protein excretion was 2.1, 2.5, and
3.2 g/24 h, respectively). In the normal human kidney,
there was weak IL-8 mRNA signals observed in the
glomeruli and no signal in the tubulointerstitium (Fig-
ure 14a). In minimal-change nephrotic syndrome and
membranous nephropathy, in situ hybridization showed
the presence of weak signals for IL-8 mRNA within the
glomerulus (Figure 14b), but markedly increased signals
in renal tubular epithelial cells in the tubulointerstitium
(Figure 14c). No signal was detected when the sections
were hybridized with a sense probe (Figure 14d).

Discussion
Over the past decade, there has been intense interest in
the possible link between excessive protein trafficking
through the glomerulus and progressive renal tubuloin-
terstitial inflammation leading to chronic renal failure. A
hallmark of inflammation is the invasion into injured tis-
sue by activated leukocytes. This step is critically depend-
ent on the rapid expression of chemokines (34). In the
nephrotic state, the glomerular ultrafiltrate contains
plasma proteins. Data are already available to show that
overexposure to filtered proteins upregulates tubular
expression of vasoactive and proinflammatory mediators
such as ET-1 (35), MCP-1 (9), RANTES (10), and more
recently from our laboratory, C3 (36) and macrophage
migration inhibitory factor (37). IL-8 is a key proinflam-
matory chemokine responsible for recruiting and acti-
vating neutrophils, T cells, and monocytes to sites of
inflammation (11, 12, 38-40). Here we showed, we believe
for the first time that albumin induces IL-8 in PTECs at
both the transcriptional and translational levels.
Although such data could not be directly extrapolated to
the in vivo setting, the rapid and intense induction of
IL-8 strongly suggests a case for albumin-induced,
tubule-secreted IL-8 in orchestrating the influx of inflam-
matory cells into the kidney. This contention is further
supported by indirect evidence from animal studies,
where the administration of a neutralizing anti-IL-8
AD prevented albuminuria and glomerular infiltration
of neutrophils (41).

Trypsin digestion or thermal denaturation of albu-
min effectively abrogated IL-8 induction in PTECs.
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This, together with the uniform results using different
brands of HSA, alleviates the concern that the observed
effect might be mediated by a nonproteinaceous com-
pound attached to albumin in the manufacturing
process. The relatively high dose of albumin used in
our short-term culture system may be necessary to sim-
ulate more prolonged exposure, as occurs in vivo.
Other researchers investigating the impact of albumin
on PTECs have employed a similar range of protein
concentration (9, 10, 35, 36, 42-45).

The eftect of albumin is not unique to renal epithelial
cells. Indeed, albumin also stimulated IL-8 expression in
HT-29 and A549 cell lines. The pathophysiologic signifi-
cance of such findings is limited, however. Apart from
albumin, transferrin and IgG are other serum proteins fil-
tered in patients with heavy proteinuria. Congruent with
our previous finding (37), transferrin is also capable of
inducing tubular IL-8 expression, albeit to a much lesser
extent than albumin. Thus, as least two components of
nephrotic urine stimulate tubular IL-8 expression.

The induction of tubular IL-8 expression upon pro-
tein challenge is not limited to cells in culture. Using in

Figure 14

Detection of IL-8 mRNA by in situ hybridization. Normal kidney sec-
tion displayed a paucity of IL-8 mRNA signal in the glomerulus and
absent signal in the tubulointerstitium (a). X200. In the nephrotic
kidney, represented by a kidney section from a subject with minimal
change nephrotic syndrome here, the signal for IL-8 mRNA was very
weak in the glomeruli, but was markedly more intense in the tubu-
lointerstitium (b) (X200) and strongly expressed in tubular epithelial
cells (c). x400. Negative control was performed using a sense probe,
with no signal detected (d). x200.

Figure 13

Histologic score for IL-8 immunostaining in renal tubules. (a) Scor-
ing in non-nephrotic versus nephrotic subjects. Immunohistochem-
ical staining for tubular IL-8 antigen was performed on renal biopsy
specimens obtained from 25 patients with nephrotic range or mini-
mal proteinuria and graded in an observer-blinded manner on an
arbitrary scale of 0-3 (see text for scoring criteria). Circles and hori-
zontal lines are individual scores of each patient and mean scores in
each group, respectively. Horizontal bars and vertical lines are means
+ SE of daily urinary protein excretion in each group. (b) Correlation
between the magnitude of proteinuria and staining score for IL-8 in
renal tubules of 18 nephrotic subjects by linear regression (r? = 0.332,
b=0.116 [95% confidence interval, 0.029-0.203], P=0.012).

situ hybridization techniques, the anatomic site of IL-8
mRNA expression is localized in vivo to the proximal
tubular epithelia. There were intense signals for IL-8
mRNA in the renal tubules of nephrotic subjects, while
non-nephrotic subjects showed absent tubular IL-8
mRNA signal. Furthermore, using immunohistochem-
istry to confirm and localize IL-8 protein synthesis, we
demonstrated that kidney biopsies from nephrotic sub-
jects displayed stronger IL-8 staining than those from
minimally proteinuric control subjects, suggesting the
importance of proteinuria in this context. On the other
hand, the correlation between the severity of proteinuria
and the intensity of tubular IL-8 signals, though reach-
ing statistical significance, was weak. Such correlation
requires better control of factors influencing tubular
IL-8 expression in a larger cohort.

Since the major cellular component of the inflamma-
tory reaction that follows protein overabsorption occurs
in the interstitial space, we characterized the polarity of
IL-8 secretion by PTECs. In the quiescent state, small
amounts of IL-8 are secreted into both apical and baso-
lateral aspects. This is understandable because IL-8 syn-
thesis is low or undetectable in noninflamed tissue (46).
Upon challenge with albumin apically, IL-8 was secreted
predominantly into the basolateral medium. The demon-
stration of leukocytes infiltrating the interstitium in the
proximity of IL-8-expressing renal tubules of nephrotic
subjects suggests that such directional secretion of IL-8
may indeed occur in vivo. The effect of basolateral expo-
sure was much weaker, reflecting the predominantly api-
cal location of the receptors for albumin (30, 31). Collec-
tively, we postulate that IL-8 generated in response to
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protein overload may accumulate in the interstitial space,
which is consistent with its chemotactic function.

The signal transduction pathways governing the
transcription of IL-8 expression in PTECs are not well
understood. Because NF-xB controls the transcription
of a number of proinflammatory genes (47), including
those involved in the pathogenesis of glomerular and
tubular diseases, we examined whether IL-8 synthesis
by protein-overloaded PTECs was NF-kB dependent.
Our data demonstrate that albumin-induced upregu-
lation of tubular IL-8 involves nuclear translocation of
NF-kB. Five pieces of evidence support this contention:
(a) albumin activated the p50 and p65 subunits of
NF-kB dose dependently; (b) EMSA demonstrated
nuclear translocation of NF-xB, which was blocked by
PDTC, or SN50, but not its mutated peptide; (c) inhi-
bition of NF-kB with PDTC or SN50 attenuated albu-
min-induced IL-8 production; (d) previous studies
showed that a sequence spanning the nucleotides -1 to
-133 within the 5’-flanking region of the human IL-8
gene contained binding sites for kB proteins (48, 49);
and (e) NF-xB is activated in the renal tubules of pro-
teinuric subjects (50). Our results are in agreement with
previous reports that NF-kB was activated by BSAin a
pig PTEC line, LLC-PK; (10), and in rat PTECs (42).
Our findings are unique in that human serum albumin
was used on human PTECs in primary culture.

The intracellular signaling mechanism that underlies
albumin-induced NF-kB activation in PTECs remains
to be elucidated. The ability of the antioxidant, PDTC,
to block albumin-induced NF-kB activation and IL-8
synthesis, coupled with previous observation that ROS
activated NF-kB in endothelial cells (51) and induced
IL-8 expression in other cell systems (52), suggested
oxygen radicals are likely to be second messengers in
mediating NF-kB activation. Here we showed that
exogenous H,O, stimulated NF-xB-DNA binding and
IL-8 secretion in PTECs. In addition, the ROS content
of PTECs was upregulated dose dependently by albu-
min. These findings strongly suggest a role of ROS in
the intracellular signaling process, as further support-
ed by the recent observation of H,O,-dependent NF-kB
activation in HK-2 cells (33).

To further dissect the upstream signals leading to
ROS generation, we examined the role of PKC, a family
of ubiquitous serine/threonine kinases. When activat-
ed, PKC is known to translocate from cytoplasm to cell
membrane to mediate ROS production and NF-«B acti-
vation in other cell systems (53). Here we demonstrated
that the PKC inhibitors, GF109203X and staurosporin,
markedly suppressed ROS generation and NF-kB-DNA
binding in albumin-stimulated PTECs. Furthermore,
PKC inhibition resulted in complete abrogation of albu-
min-induced IL-8 production. These findings provide
evidence that PKC serves as an upstream mediator of
ROS generation and the subsequent NF-xB activation.

How albumin overload induces PKC and the ensuing
downstream events that culminate in IL-8 induction
remains to be addressed. Here we showed that albumin is

endocytosed by PTECs in a time- and dose-dependent
mannet, which is in agreement with previous reports that
albumin uptake by PTECs is mediated through the endo-
cytic receptors, megalin (31) and cubilin (30). An impor-
tant question is whether the endocytosis of albumin is
crucial. PI3K belongs to a family of phosphoinositide
3-kinases that regulate endocytosis and other vesicular
trafficking events (54, 55). Here we documented that
blockade of albumin endocytosis using the PI3K
inhibitors, LY294002 and wortmannin, completely abol-
ished albumin-induced oxidant generation, NF-kB-DNA
binding, and IL-8 production, supporting a cell biologi-
cal link between albumin endocytosis and the ensuing
intracellular events. Taken together, it is tempting to
speculate that receptor-mediated endocytosis of albumin
by PTECs activates PKC that is essential for ROS genera-
tion. Finally, ROS function as the critical messenger for
NF-xB activation and the consequent transcription of
IL-8. Endocytosed albumin is then concentrated in late
endosomes and lysosomes for degradation, while the
receptors are recycled to the apical membrane (30).

Apart from stimulating IL-8, albumin has been
shown to induce two other NF-kB-dependent proin-
flammatory genes in PTECs, namely MCP-1 (9) and
RANTES (10). It is therefore logical to assume that
overloading PTECs with albumin leads to a common
pathway of activating NF-kB-dependent genes whose
chemotactic protein products act in concert to orches-
trate a complex cascade of events that translate the
original glomerulopathy into cellular signals of tubu-
lointerstitial inflammation. These signals might then
be relayed back to the glomerulus by tubuloglomeru-
lar cross-talk mechanisms to perpetuate further
glomerular damage (37).

In summary, this study is the first, to our knowledge,
to show that albumin stimulates tubular IL-8 expres-
sion, which is dependent on the endocytosis of albu-
min that triggers a cascade of intracellular signals from
PKC-dependent activation of ROS generation to
nuclear translocation of NF-xB. Currently, therapeutic
interventions are aimed primarily at reducing glomeru-
lar protein ultrafiltration and controlling systemic
hypertension. It is conceivable that future therapeutic
strategies may be targeted at the pathobiologic process-
es that lie further downstream, namely the interaction
of filtered proteins with tubular epithelial cells and
their activation. Understanding the molecular basis of
this interaction is likely to yield novel insight into the
pathology of inflammation and may ultimately result
in the development of new anti-inflammatory drugs.
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